High-rotation-speed friction stir welding (HRS-FSW) is a promising technique to reduce the welding loads during FSW and thus facilitates the application of FSW for in situ fabrication and repair. In this study, 6061 aluminum alloy was friction stir welded at high-rotation speeds ranging from 3000 to 7000 rpm at a fixed welding speed of 50 mm/min, and the effects of rotation speed on the nugget zone macro-and microstructures were investigated in detail in order to illuminate the process features. Temperature measurements during HRS-FSW indicated that the peak temperature did not increase consistently with rotation speed; instead, it dropped remarkably at 5000 rpm because of the lowering of material shear stress. The nugget size first increased with rotation speed until 5000 rpm and then decreased due to the change of the dominant tool/workpiece contact condition from sticking to sliding. At the rotation speed of 5000 rpm, where the weld material experienced weaker thermal effect and higher-strain-rate plastic deformation, the nugget exhibited relatively small grain size, large textural intensity, and high dislocation density. Consequently, the joint showed superior nugget hardness and simultaneously a slightly low tensile ductility.
Introduction
Friction stir welding (FSW) offers great advantages for the high-quality joining of light-weight and low-melting-point metals. Hence, it has facilitated the rapid development of industrial manufacturing in industries including aviation, space, railroad, and shipbuilding since its invention in 1991 ( Ref 1) .
In the conventional FSW (C-FSW) process, large loads are required to generate adequate heat for the FSW to occur. In order to handle such loads, the rigid machines used for C-FSW are generally characterized by large mass and size (Ref [2] [3] [4] . Although the high-quality joining achievable by FSW is in great demand for in situ fabrication and repair , the traditional heavy-duty FSW machines restrict the use of FSW in these applications. Thus, developing a low-force FSW process is imperative for the design of small-scale or even portable FSW machines to expand the application of FSW in industrial manufacturing.
It is widely accepted that the power input during FSW is proportional to the product of tool rotation speed and material shear stress . Given that the power input is approximately constant for a fixed-base material, the increasing rotation speed would contribute to lowering the welding force. In fact, this deduction has been experimentally and numerically demonstrated by several previous studies (Ref [12] [13] [14] , confirming the advantage of high-rotation-speed FSW (HRS-FSW) over C-FSW for the reduction in welding loads during FSW.
The requirement of low-force FSW technique allows the development of HRS-FSW process. In contrast to the C-FSW generally carried out at rotation speeds lower than 3000 rpm, the HRS-FSW mainly refers to the FSW conducted above 3000 rpm. Ahmad (Ref 15) and Banwasi (Ref 16) performed FSW experiments on 6061, 2024, and 7075 aluminum alloys between 6000 and 24,000 rpm, and welding defects (e.g., porosity) were commonly observed in the welds. Widener et al. (Ref 17) performed HRS-FSW experiments on 3.2-mm-thick 6061-T6 aluminum alloy and found that the surface lack of fill and excessive weld flash began to occur when the rotation speed exceeded 9000 rpm. Numerical studies on HRS-FSW of 6.35-mm-thick 6061-T6 aluminum alloy were carried out by Crawford et al. (Ref 18) . Their results showed that the nugget material would become more fluid like when the rotation speed reached 5000 rpm, which led to the decrease in welding loads dramatically. Since the HRS-FSW tends to create more opportunities for the occurrence of welding defects due to the reduced forging loads, a fixed shoulder surrounding the rotating probe was introduced to the welding tool by Widener and Nicholas et al. (Ref 17, 19) to control the heat generation and improve the weld quality. They found that the fixed shoulder effectively prevented the formation of defects during HRS-FSW.
The above description indicates that the HRS-FSW, as an important low-force FSW process, has attracted considerable attention over the past decade. Nevertheless, it is noted that the published papers focused mainly on the tool design and the improvement in weld formation quality. The critical barrier to the effective implementation of HRS-FSW is to understand the process itself. Although the influence of process parameters on the performances of HRS-FSW joint is a basic and important component of the HRS-FSW process, it is still largely uncharacterized and remains poorly understood. Hence, the present study aims to characterize the effects of rotation speed on the nugget zone macro-and microstructural features of aluminum alloys welded by HRS-FSW. The welding thermal cycle, weld formation feature, and microstructural evolution are correlated with tool rotation speed. The findings are expected to provide a deep and comprehensive understanding of the features of HRS-FSW, thereby providing guidance for the process optimization.
Experimental Procedure
The base metal (BM) used for this study was a 5-mm-thick 6061-O aluminum alloy. This is a well-known aluminum alloy belonging to Al-Mg-Si series, which has been widely used for various industrial production areas. The chemical compositions of BM were 0.4%-0.8% Si, 0.7% Fe, 0.15%-0.4% Cu, 0.15% Mn, 0.8%-1.2% Mg, 0.04%-0.35% Cr, 0.25% Zn, 0.15% Ti, and balance Al (by weight). The welding samples were 150 mm in both length and width.
The welding tool used for HRS-FSW had a 12-mm-diameter shoulder with scrolls on the end surface. The conical probe had right-hand threads for counterclockwise rotation. Our previous experimental trials found that the heights of weld nugget zones were significantly larger than the probe length in the HRS-FSW joints. Therefore, in order to prevent the BM from sticking to the backing plate during FSW, a short probe length of 2.65 mm was selected for the 5-mm-thick BM in this study.
Bead-on-plate FSW experiments were carried out on the welding samples using a FSW machine, and high-rotation speeds ranging from 3000 to 7000 rpm were utilized to carry out the HRS-FSW experiments. Figure 1 shows the schematic diagram of the HRS-FSW process. The welding speed was fixed at 50 mm/min. A 0.05-mm shoulder plunge depth and a zero tool tilt angle were applied to the welding tool. Since it was difficult to directly examine the nugget temperature using thermocouples due to the severe plastic deformation of the weld material, the welding temperature of the undeformed heataffected zone adjacent to the deformed zone was measured to evaluate the thermal effect exerted by the tool. During the FSW of each joint, six K-type thermocouples were embedded into the mid-thickness of the tool penetration into workpiece (i.e., 1.35 mm from the top of welding samples) to record the welding temperature. All the thermocouples had a same distance of 4 mm from the weld center (close to the nugget periphery). Three of them were distributed on the advancing side (AS) at an equal interval of 40 mm along welding direction while the rest were distributed on the retreating side (RS) in the same way in order to make a repeated temperature measurement for each side. The exact distributions of the thermocouples are illustrated by red lines in Fig. 1 and 2 .
The principal directions of FSW geometry were defined by the welding direction (WD), transverse direction (TD), and normal direction (ND). After welding, the samples were sectioned perpendicular to the WD for microstructural analysis and hardness testing. The cross sections of the metallographic specimens were polished using a diamond paste, etched with KellerÕs reagent, and observed by optical microscopes (Olympus SZ61 and Olympus DSX-500). The grains were analyzed by electron back-scattered diffraction (EBSD). The EBSD data were collected using a JEOL JSM-7001F scanning electron microscope and processed with TSL OIM Analysis 6 software. The substructures were observed by transmission electron microscopy (TEM; PHILIPS CM12). Electron-transparent thin sections were prepared using double-jet electro-polishing with a solution of 30% nitric acid in methanol (18 V and À 35°C). The EBSD and TEM analyses were carried out in the nugget zones at the intersection between the mid-thickness of tool penetration and the weld centerline (see the hollow black square in Fig. 2 ). Vickers hardness tests were conducted along the mid-thickness of tool penetration on the weld cross sections using a microhardness tester, as shown by the horizontal short dotted line in Fig. 2 . The spacing between adjacent indentations was 1 mm, and the testing load was 1.96 N for 10 s. The transverse tensile specimens were prepared with reference to China National Standard (GB/T2651-2008) (equivalent to American Standard ASTM B557-2). Tensile properties of each joint were evaluated using three tensile specimens cut from the same joint. The room temperature tensile test was carried out at a crosshead speed of 1 mm/min using an electron universal testing machine (Instron 5566).
Results and Discussion

Welding Thermal Cycles During HRS-FSW
The welding thermal cycles obtained at different rotation speeds are displayed in Fig. 3(a) , (b), (c), (d), and (e). As the tool passed through the measurement locations, the temperature gradually increased to a peak in the heating stage and then began to decrease in the cooling stage. The peak temperature of each thermal cycle is plotted against rotation speed in Fig. 3(f) . Two noteworthy features can be observed. First, the peak temperature measured at the AS was higher than that measured at the RS. Similar results were also reported in the C-FSW studies of aluminum alloys (Ref 11, 20) , and it was believed that the larger plastic strain and the higher induced plastic deformation heat at AS should account for this phenomenon. Second, at both AS and RS, as rotation speed increased from 3000 to 7000 rpm, the peak temperature did not increase continuously as expected, but instead exhibited two drops at 5000 and 7000 rpm. This is surprising since increasing rotation speed generally improves heat generation during C-FSW (Ref [21] [22] [23] .
In Schmidt et al.Õs model (Ref 24) , the total heat generation from frictional and plastic dissipation during FSW can be synthetically described by the following relationship:
where x is the tool rotation speed, r is the radius, T = T(x, y, z) interface is the non-uniform temperature at the contact interface between tool and workpiece, and s(T) is the temperature-dependent material shear stress. In the lower rotation speed range, the rotation speed dominated the heat generation; hence, the peak temperature was improved with increasing rotation speed. However, it should be noted that the increase in rotation speed simultaneously lowered the material shear stress due to the strong tool stirring action. That is to say, the rotation speed and the material shear stress would compete for being the predominant factor governing heat flow with increasing rotation speed during HRS-FSW. Thereby, when the rotation speed increased to a certain level, the material shear stress then became the main factor that influenced the heat generation and thus resulted in the lower temperature. Anyway, the present results reveal a more complicated temperature evolution trend with rotation speed for HRS-FSW compared with C-FSW.
Macrostructural Evolution of Nugget Zone
The macrographs in Fig. 4 show the cross sections of the welds formed at different rotation speeds. Note that the RS is on the left, and the AS is on the right for each cross section. En- Fig. 3 Results of temperature measurements during HRS-FSW: (a-e) welding thermal cycles for rotation speeds of 3000-7000 rpm and (f) evolution of peak temperature with rotation speed Fig. 4a, b, c, d) , while void defects were formed at the upper part of the nugget at 7000 rpm (see Fig. 4e and 5b) . Another phenomenon deserving attention is the evolution of nugget size with rotation speed. Figure 6 plots the evolution of nugget area with rotation speed. The size of the nugget zone increased from 3000 to 5000 rpm; however, when the rotation speed was further increased, the nugget size began to decrease. In C-FSW, the nugget size generally increases with increasing rotation speed (Ref [25] [26] [27] . This study demonstrates that the nugget size of an HRS-FSW joint can be reduced when the rotation speed is improved above a certain value.
The flow rate of the plastic material around the tool may be comparable with or lower than the tool rotation speed during FSW; hence, a contact state variable d was proposed to evaluate the level of lag in material rotation, which was expressed as ( Ref 9):
where v tool and v matrix represent the rotating velocities of the tool and the base material adjacent to the tool, respectively. In fact, d is a state variable reflecting the tool/workpiece interfacial contact condition; d = 0 and d = 1 correspond to a pure sliding interface and a pure sticking interface, respectively. However, in most cases, a partial sliding/sticking condition (0 < d < 1) tends to occur at the tool/workpiece interface, and the plastic strain rate _ e can be described as a ''plastic deformation sticking rate'' at the interface (Ref 24) :
where r is the distance from the tool surface to the center of heat source, which is determined by the tool geometry. The plastic strain rate can be also reflected by the size of the dynamically recrystallized zone. Using the simple linear assumption that the average material flow rate is about half the rotation speed, the material flow strain rate _ e may be derived from the torsion-type deformation as ( Ref 28):
where r e and L e are the effective (or average) radius and depth of the dynamically recrystallized zone, respectively. They are assumed to be approximately 0.78 of the radius and depth of the observed zone boundary, respectively. Combining Eq 3 with Eq 4, it is found that the size feature of the weld nugget (r e /L e ) is basically proportional to the contact state variable d. Figure 7 summarizes the relationship between r e /L e and the rotation speed. As expected, r e /L e decreased with increasing rotation speed above 5000 rpm, which arised from the decrease in d. This indicated that the dominant contact condition between the tool and workpiece had changed from the sticking feature to the sliding feature. Because of this, the material flow rate driven by the tool was restricted at 6000 and 7000 rpm, leading to the decrease in nugget size. For such a case, a part of the plastic material with strong fluidity tended to be extruded and flowed downward into the nugget after its transformation from RS to AS; turbulence material flow was then observed at the upper parts of welds at 6000 and 7000 rpm (see Fig. 5 ). The induced stain discontinuity finally caused the formation of voids at 7000 rpm.
Microstructural Evolution of Nugget Zone and Its Effect on Joint Property
The nugget grain structures of defect-free joints are shown in Fig. 8 in the form of inverse pole figure (IPF) coloring maps with respect to ND. The BM had an average grain size of 181 lm. In comparison, the nugget grains were remarkably refined because of dynamic recrystallization. The mean grain sizes measured at 3000, 4000, 5000, and 6000 rpm were 15.8, 16.2, 11.6, and 13.7 lm, respectively. The trend in grain size with rotation speed resembled that of the peak temperature (see Figs. 3f, 8) . The grain size is determined by the temperature and strain rate, but it is far more sensitive to temperature than strain rate (Ref 29-31) . Therefore, the small grain size formed at 5000 rpm is largely related to the weaker thermal effect during welding.
The different nugget grain colors shown in Fig. 8 indicate that the crystallographic direction is dependent on rotation speed. Texture is formed during FSW because of orientation concentration from grain rotation. The material flow during FSW is widely reported to resemble a simple shear procedure (Ref 32-35 ). For face-centered cubic aluminum alloys, FSW can lead to a set of preferred shear textures, including A (A 1 *, A 2 *, A, and A), B (B and B), and C components (Ref 34, 35) . Figure 9 presents the {111} pole figures (PFs) and the orientation distribution functions (ODFs; u 2 = 0°and 45°s ections) of the nugget zones. The nugget showed an off-axis AE111ae orientation concentration at 4000 rpm. The presences of C and A textural components were confirmed from the u 2 = 0°a nd 45°sections of the ODFs (Fig. 9a) . The strong shear texture of the C component dominated the texture at 5000 rpm, as shown in Fig. 9(b) . The PF in Fig. 9(c) reveals that the nugget produced at 6000 rpm was characterized by more scattered shear textures than those produced at 4000 rpm and 5000 rpm. The u 2 = 0°and 45°sections of the ODFs reveal the presences of C and B components, respectively. Clearly, only a single shear textural component appeared in the nugget formed at 5000 rpm, whereas two types of shear textural components were formed in the nuggets made at 4000 and 6000 rpm. In addition, the rotation speed of 5000 rpm produced significantly greater maximum intensities of orientation concentration (max) in both PF and ODF in contrast to the rotation speeds of 4000 and 6000 rpm. The intensities of individual shear textural components are typically increased at higher strains (Ref 36); thus, the higher textural intensity at 5000 rpm may be attributed to the greater shear strain during FSW.
The exploration of substructures is necessary to further identify changes in nugget microstructures during HRS-FSW. Figure 10 shows the TEM images of the BM and the nugget zones obtained at 4000, 5000, and 6000 rpm. The annealed BM had a relatively low dislocation density and contained some Sirich second-phase particles (see Fig. 10a ). Owing to the particle dissolution during the welding, a remarkable reduction in second-phase particles was observed in the nuggets in contrast to the BM. However, all the nuggets presented higher dislocation densities than the BM (see Fig. 10b, c, d ). This should be attributed to the fact that the dislocations can be continuously generated via intense plastic deformation during FSW ( Ref 37) . Comparatively, the 5000-rpm rotation speed produced a significantly larger density of dislocations than the rotation speeds of 4000 and 6000 rpm, implying that the nugget had experienced more severe plastic deformation with larger strain rate at 5000 rpm during the welding. The EBSD and TEM analyses indicate that higher stain and strain rate of nugget material can be obtained at 5000 rpm. As the rotation speed is increased beyond 5000 rpm, where a variation of dominant contact condition from sticking to sliding occurs at the tool/workpiece interface during HRS-FSW, the strain and strain rate then both start to decrease.
The hardness profiles measured at the mid-thickness of tool penetration are depicted in Fig. 11 to reveal the structureproperty correlations. The hardness value of the annealed base material was $ 55 Hv. Compared with the BM, there was a hardness increase in the nugget zones of all the defect-free joints. Similar results were also reported in other investigations on FSW of 6061-O aluminum alloys (Ref [38] [39] [40] . The nugget property can be influenced by the particle distribution, grain size, and dislocation density (Ref [41] [42] [43] . Since the secondphase particles had nearly disappeared in the nuggets (see Fig. 10b, c, d ), the finer grains and larger density of dislocations should mainly contribute to the greater hardness of the nuggets relative to the BM. The average hardness of nugget zone was the largest at 5000 rpm, although the differences among the welds were not very large. The smaller grain size and higher dislocation density formed at 5000 rpm were responsible for the superior mechanical properties of the nugget zone. Figure 12 shows the tensile test results of the defect-free joints. Just because of the hardness increase in nugget zones, it can be seen that all tensile test specimens of the defect-free joints failed in the BM away from the welds and the tensile strength values of all the joints were comparable to that of the BM. These results indicate that sound joints can be produced within a large range of rotation speeds for the HRS-FSW of 6061-O aluminum alloy. The nugget zone possessed stronger strain-hardening capacity and was difficult to yield during the tensile test, and thus there was a slight decrease in elongation of these joints relative to BM. This phenomenon was more significant at 5000 rpm where the nugget had higher hardness values.
In C-FSW, the rotation speed is commonly the main factor controlling heat generation and plastic deformation. In most cases, increasing the rotation speed consistently increases the heat input into the workpiece and the stain/strain rate of the nugget material during C-FSW. In contrast, the thermal and mechanical effects exerted by the tool evolve in a more complicated fashion with rotation speed during HRS-FSW. The results of this study demonstrate that when rotation speed is increased during HRS-FSW, the main factor governing heat input may change from rotation speed to material shear stress; furthermore, the dominant tool/workpiece contact condition can be changed from sticking to sliding. Because of these effects, reductions in temperature, stain and strain rate take place in nugget zone as the rotation speed is increased beyond a certain value, which are rarely observed in C-FSW. It is important to choose a proper rotation speed (or range) to produce highquality HRS-FSW joints. The present results show that the largest rotation speed corresponding to the sticking-dominant contact condition between the tool and workpiece (i.e., 5000 rpm) is able to reduce heat generation while enhancing material plastic deformation. That is to say, at this rotation speed, the sticking contact state is maintained at the lowest possible material yield strength during HRS-FSW. In such a case, the negative effect of thermal cycling is weak, whereas the effect of strain hardening is strong on the plastic material, which is beneficial for the hardness of nugget zone. These findings provide guidance for the selection of rotation speed for HRS-FSW and the optimization of the HRS-FSW process.
Conclusions
The following conclusions of significance were drawn from this study:
1. The temperature during HRS-FSW was asymmetrically distributed. For each rotation speed, the measured peak temperature was higher on the AS than on the RS. As the rotation speed increased above 5000 rpm, the reduction in peak temperature can be observed due to the de- Fig. 10 Transmission electron micrographs of (a) the BM and the nugget zones produced at (b) 4000, (c) 5000, and (d) 6000 rpm Fig. 11 Hardness profiles measured at the mid-thickness of tool penetration; note that for each profile, the data points marked by solid symbols are located in the weld nugget zone crease in shear stress of the plastic material around the tool. 2. Defect-free joints were formed at rotation speeds between 3000 and 6000 rpm, whereas at 7000 rpm, voids were formed at the upper part of the nugget as a result of the turbulent flow of plastic material. The nugget size increased as rotation speed increased from 3000 to 5000 rpm and then decreased as rotation speed increased further because of the change in the dominant tool/workpiece contact condition from sticking to sliding. 3. Concerning defect-free joints, the 5000-rpm rotation speed produced weaker thermal effect and stronger strain-hardening effect on the workpiece during FSW, leading to relatively small grain size, large textural intensity, and high dislocation density in the nugget zone. Under such a case, the joint presented superior nugget hardness and simultaneously a slightly low tensile ductility.
